Immunization with heat shock proteins (hsp) isolated from cancer cells has been shown to induce a protective antitumor response. The mechanism of hsp-dependent cellular immunity has been attributed to a variety of immunological activities mediated by hsp. Hsp have been shown to bind antigenic peptides, trim the bound peptides by intrinsic enzymatic activity, improve endocytosis of the chaperoned peptides by APCs, and enhance the ability of APCs to stimulate peptide-specific T cells. We have investigated the potential capacity of hsp70 and gp96 to function as a mediator for Ag-specific CTL stimulation in an in vitro model for human melanoma. Repetitive stimulation of PBLs by autologous DCs loaded with melanoma-derived hsp did not increase the frequency of T cells directed against immunodominant peptides of melanoma-associated Ags Melan-A and tyrosinase. In contrast, repeated T cell stimulation with peptide-pulsed DCs enhanced the number of peptide-specific T cells, allowing HLA/peptide multimerguided T cell cloning. We succeeded in demonstrating that the established HLA-A2-restricted CTL clones recognized HLA-A2 ؉ APCs exogenously loaded with the respective melanoma peptide as well as melanoma cells processing and presenting these peptides in the context of HLA-A2. We were not able to show that these melanoma-reactive CTL clones were stimulated by autologous dendritic cells pulsed with melanoma-derived hsp. These results are discussed with respect to various models for proving the role of hsp in T cell stimulation and to recent findings that part of the immunological antitumor activities reported for hsp are independent of the chaperoned peptides.
S pontaneous regressions of malignant tumors, such as melanoma and renal cell cancer, indicate that an effective tumor-directed immune response may be triggered in some patients (1, 2) . This hypothesis was supported by the detection of a tumor-specific cellular and humoral response in melanoma patients (3, 4) . However, new technologies have provided evidence that Ag-specific T cells present at high levels in the blood or in tumor-draining lymph nodes of melanoma patients have functional defects (5) (6) (7) . Different strategies have been developed to restore the tumor-directed immune responses of patients such as cancer vaccines and adoptive T cell transfer (for review, see Refs. 8 and 9). The major goal of both approaches is the induction and maintenance of an Ag-specific cellular immune response to eliminate tumor cells.
Vaccination with hsp isolated from cancer cells has been shown to elicit a tumor-specific immunity (10 -12) . The specificity of this immune response has been attributed to peptides associated with the heat shock protein (hsp) 4 , such as hsp70 and gp96 glucoseregulated protein 94 (11, 13) . It has been shown that hsp released from necrotic tumor cells (14) are efficiently taken up via receptormediated endocytosis by APCs (15, 16) . Hsp-peptide complexes internalized via the receptor-mediated pathway gain access to the HLA class I Ag presentation pathway, yielding re-presentation of hsp-associated peptides on APC HLA class I molecules (for review, see Ref. 17) . In addition to their chaperone function, hsp have been reported to directly stimulate monocytes and dendritic cells (DCs) to secrete cytokines and up-regulate HLA and costimulatory molecules (18 -21) . The capacity of hsp to mediate the uptake and processing of chaperoned peptides by APCs and to directly activate these APCs is thought to be the key mechanism responsible for effective priming and cross-priming of tumor-specific CTLs in vivo (22, 23) .
Based on these findings, we investigated the potential recognition of tumor-derived hsp by human T cells by imitating in vitro the hypothetically physiological interaction of APCs, peptide-specific CTLs, and hsp-bound peptide Ags. The melanoma-associated Ags tyrosinase (Tyr) and Melan-A were used as model Ags to address this question. Ag-specific CTLs were generated using an optimized method of stimulating, sorting, cloning, and expanding CTLs. The established HLA-A2-restricted CTL clones recognized the Tyr respective Melan-A peptides exogenously loaded onto autologous DCs as well as endogenously presented by HLA-A2-matched melanoma cells. In contrast, the established CTL clones were not able to recognize DCs loaded with hsp70 and gp96, both isolated from Ag-positive melanoma cells. Moreover, stimulation of PBLs with hsp-loaded autologous DCs did not result in elevated numbers of peptide-specific CTLs recognizing Melan-A or Tyr. However, the failure of Ag-specific T cells to respond to hsp in vitro does not preclude the concept of hsp as a polyvalent tumor vaccine in vivo, because complementary or alternative mechanisms might be relevant for hsp-mediated tumor rejection in vivo (for review, see Ref. 24 ).
Materials and Methods

Cell lines
The HLA-A*0201 ϩ healthy donor. LCLs, K562 cells, and T2 cells were cultured in RPMI 1640. Melanoma cell lines were cultured in DMEM (Life Technologies, Paisley, Scotland). Media were supplemented with 10% FCS, 100 U/ml penicillin, 100 g/ml streptomycin, and 2 mM glutamine.
Purification of hsp
The hsp gp96 was purified from melanoma cell line SK-MEL29 and the autologous cell line SK-LCL29 using a purification method originally described for murine gp96 by Srivastava et al. (25) , with slight modifications, as described later by the same group (26) . In brief, cell lines were snap frozen and stored at Ϫ80°C. Cell pellets were thawed at 4°C, homogenized in hypotonic buffer (30 nM NaHCO 3 and 0.2 mM PMSF, pH 7.1) by Dounce homogenization (Kontes, Vineland, NJ), and centrifuged at 100,000 ϫ g. The supernatant was subjected to gradual ammonium sulfate precipitation. The precipitate at 80% ammonium sulfate was resuspended and applied to an equilibrated Con A affinity column (Con A-Sepharose; Pharmacia, Uppsala, Sweden). Glycoproteins were eluted with 10% methyl-␣-D-mannopyranoside. Methyl-␣-D-mannopyranoside remained in the eluate to avoid the generation of gp96/Con A complexes. The partially purified gp96 material was further applied to DEAE anion exchange column (DEAE-Sephacel; Pharmacia) that had been equilibrated with 0.3 M NaCl in 5 mM sodium phosphate buffer (pH 7.0), and gp96 was eluted with 0.7 M NaCl in 5 mM sodium phosphate buffer. The buffer of gp96 preparation was exchanged to PBS by ultrafiltration (Biomax-30 kDa and Biomax-50 kDa; Millipore, Bedford, MA), thereby achieving final protein concentrations of 2 mg/ml. Hsp70 was isolated from the Melan-A ϩ , Tyr ϩ melanoma cell line SK-MEL29 and from the Melan-A Ϫ , Tyr Ϫ erythroid leukemia cell line K652, as described (27, 28) . Briefly, a 100,000 ϫ g supernatant was prepared from tissue homogenate and applied to Blue Sepharose CL-6B (Amersham Pharmacia, Uppsala, Sweden) for albumin removal. The eluate was applied to an ADP-agarose affinity column (Sigma-Aldrich, Taufkirchen, Germany). The ADP-binding protein fraction was eluted with 3 mM ADP and applied to a DEAE-Sepharose anion-exchange column (Amersham Pharmacia) that had been equilibrated with 20 mM NaCl buffer in 20 mM sodium phosphate (pH 7.0). Hsp70 was eluted with 150 mM NaCl in 20 mM sodium phosphate.
The purity of gp96 and hsp70 was checked by SDS-PAGE and immunoblotting. The biological activities of gp96 and hsp70 preparations were confirmed by testing the peptide-binding activity of both hsp, as previously described (26, 27) . Despite these quality controls, it cannot formally rule out the possibility that associated peptides might be partially removed during the purification procedure. Hsp70 purified from Melan-A ϩ , Tyr ϩ melanoma cell line Mel624.38 (29) was kindly provided by R. Issels and E. Noessner (Ludwig Maximilian University, Munich, Germany) (30) .
Flow cytometric analysis
Synthesis of PE-labeled HLA-A2/peptide multimer complexes was performed, as previously described (31, 32) . For the detection of Melan-A 27-35 -specific T cells, the multimer consisting of the Melan-A 26 -35 A27L analog (ELAGIGILTV) (33) was used, which has a higher binding affinity to HLA-A2 and a higher immunogenicity than the natural Melan-A nonapeptide (AAGIGILTV) (34) . The naturally occurring Tyr 369 -377 peptide (35) was used for generating multimers to detect HLA-A2-restricted Tyr 369 -377 -specific CTLs. A total of 1 ϫ 10 6 T cells was incubated with PE-labeled HLA-A2/peptide multimer for 45 min on ice in 50 l buffer (PBS 1% BSA, pH 7.4). Then anti-CD8 FITC (Caltag Laboratories, Burlingame, CA) was added. After 15 min, the cells were washed three times and resuspended in buffer with propidium iodide (PI) (2 g/ml). PI-negative cells were gated, and frequencies of multimer ϩ CD8 ϩ T cells were determined by using Coulter Epics XL (Beckmann-Coulter, Hialeah, IL).
Multimer-guided cloning and expansion of human melanomareactive CTLs
HLA-A2-restricted Tyr 369 -377 -and Melan-A 27-35 -specific CTLs were generated by repetitive stimulation with mature monocyte-derived DCs (36) as APCs. Mature DCs were incubated with 10 g/ml Tyr 369 -377 or Melan-A [27] [28] [29] [30] [31] [32] [33] [34] [35] for 2 h at room temperature and then cocultured with autologous PBMCs in 200 l/well RPMI 1640 medium supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM glutamine, and 5% autologous serum in 96-well round-bottom plates. The medium was further supplemented with 5 ng/ml human rIL-7 (BD PharMingen, San Diego, CA) on day 1, and 20 U/ml human rIL-2 (Chiron Behring, Marburg, Germany) on day 4. Responding T cells were restimulated with peptide-pulsed DCs at weekly intervals in the presence of rIL-2 and rIL-7. The stimulator to responder cell ratio was 1:20 for priming and 1:40 for restimulation. The Tyr 369 -377 -and the Melan-A 27-35 -specific CTLs were stained using A2/ Melan-A 26 -35 A27L multimers after three and five stimulations, respectively. The stimulated T cells were resuspended in cold PBS without PI and filtrated with 30 m nylon. For sorting, a Moflo cell sorter (Cytomation, Fort Collins, CO) was used with 25,000 events/s and maximum 1 . Sorted CD8 ϩ multimer ϩ T cells were directly cloned by limiting dilution, as previously described (37, 38) . In brief, T cells were seeded at 0.3 cell/well in 96-well round-bottom plates with RPMI added with 10% human serum, 30 ng/ml anti CD3 mAb (Okt-3; Janssen, Cilag, Neuss, Germany), 5 ϫ 10 4 / well allogeneic irradiated (30 Gy) PBMCs, 10 5 irradiated (80 Gy) LCLs Alex-B, and 50 U/ml rIL-2. Proliferating CTL clones were screened for lytic activity in a microcytotoxicity assay using T2 cells pulsed with the corresponding peptide (Tyr 369 -377 or Melan-A [27] [28] [29] [30] [31] [32] [33] [34] [35] ) or the irrelevant peptide derived from the reverse transcriptase of HIV-1 (ILKEPVHGV) (HIV 476 -484 ). Expansion of peptide-specific CTLs was conducted every 2 wk in the presence of anti-CD3, LCL, PBMCs, and rIL-2, as previously described (39) .
T cell stimulation assay
Immature DCs from HLA-A2 ϩ donors were pulsed with 30 g/ml of hsp70 or gp96, both derived from Melan-A ϩ melanoma cell line SK-MEL29. Hsp-pulsed immature DCs were further matured into CD83
ϩ DCs in the presence of cytokines, as previously described (36) . Hsp-loaded mature DCs were then used as APCs for stimulating autologous PBMCs. As a positive control, PBMCs from the same donor were separately stimulated with DCs loaded with 10 g/ml of the Melan-A 26 -35 A27L analog (ELAGIGILTV) (33) . Responding T cells were restimulated three times with hsp-loaded DCs at weekly intervals in the presence of rIL-2 and rIL-7. Following four rounds of stimulation, CD8 ϩ T cells were stained using A2/Melan-A 26 -35 A27L multimers (see above/below).
Cytotoxicity assay
Cytolytic activity was analyzed, as described previously (40) . Immature DCs were loaded with different concentrations of gp96 or hsp70, both derived from either Tyr ϩ Melan-A ϩ melanoma cells or Tyr Ϫ Melan-A Ϫ nonmelanoma cells. Gp96 was purified from melanoma cell line SK-MEL29 (Mel-gp96) and from SK-LCL29 (control-gp96); hsp70 was isolated from melanoma cell line Mel624.38 (Mel-hsp70) (provided by E. Noessner) and from leukemia cell line K562 (control-hsp70). Hsp-pulsed immature DCs were subsequently matured into CD83 ϩ DCs, then labeled with 51 Cr (5 ϫ 10 5 cells in 100 l FCS with 100 Ci/ml) (ICN Biochemicals, Irvine, CA) and used as target cells for CTLs. Peptide-loaded DCs or T2 cells were first labeled with 51 Cr (5 ϫ 10 5 cells with 100 Ci/ml) and then loaded with 10 g/ml peptide for 1 h at room temperature. Tumor cells, LCL (10 6 ), were labeled with 100 Ci/ml 51 Cr for 1 h at 37°C. 51 Cr-labeled target cells were cultured with graded doses of T cells in 200 l/well RPMI with 10% FCS in V-bottom 96-well tissue culture plates (Costar, Cambridge, MA). After 4 h of incubation at 37°C, 100 l of supernatant was collected, and radioactivity was measured in a gamma counter. The percentage of specific 51 Cr release was calculated, as described (40) . SD was generally below 5% of the mean.
ELISA
To detect the IFN-␥ production by the CTL clones, 2 ϫ 10 4 T cells/well were cocultured with either 1 ϫ 10 4 peptide-loaded T2 cells, peptide-or hsp-loaded DCs, or melanoma cells in 96-well round-bottom plates at 37°C. Details regarding the source of hsp and the loading procedure of DCs are described in the cytotoxicity assay paragraph above. After 24 h, supernatants were collected and IFN-␥ production was determined using a commercially available ELISA (OptEIA; BD PharMingen).
Results
Peptide-specific cytolytic T cells generated by multimer-guided cloning recognize melanoma cells, which present endogenously processed peptides, but do not recognize DCs pulsed with melanoma-derived hsp
It has been previously shown in a mouse model that peptides stripped from hsp70 and gp96, which had been isolated from OVA-transfected cells, were able to stimulate OVA-specific CD8 ϩ T cells in vitro when loaded onto APCs (41) . Based on these findings, we asked the question as to whether hsp isolated from melanoma cells are able to stimulate melanoma-reactive human T cells. Given that melanoma-reactive T cells are only present in low numbers in the peripheral blood, an improved method was developed to clone and expand melanoma-reactive T cells. PBLs from HLA-A2 ϩ healthy donors were stimulated with autologous DCs pulsed with peptides from the melanoma-associated differentiation Ags Melan-A ( Fig. 1) and Tyr (Fig. 2) . Following three to five stimulations, peptide-specific T cells were visualized by fluorochrome-labeled A2/peptide multimers, sorted, and directly cloned by limiting dilution. Five stimulations of PBMCs with Melan-A 27-35-pulsed DCs increased the frequency of A2/Melan-A 26 -35A27L ϩ T cells from Ͻ0.01 to 1.23% (Fig. 1, A and B) . After cloning via the multimer-guided cloning technique, T cells from 7 of 240 seeded wells proliferated. These T cell clones were screened for Melan-A specificity using T2 pulsed with the relevant or irrelevant peptide as target cells for cytotoxicity analyses (data not shown). All seven T cell clones displayed a Melan-A 27-35 -specific lytic activity and were subsequently expanded. One of the seven A2/Melan-A multimer ϩ T cell clones, InRi1 (Fig. 1C) , was used for further specificity analyses. CTL clone InRi1 lysed the melanoma cell line SK-MEL29 expressing Melan-A and HLA-A2 (Fig. 1D) . CTL clone InRi1 did not lyse HLA-A2
ϩ Melan-A Ϫ melanoma cell line NW-MEL38 or HLA-A2 Ϫ Melan-A ϩ melanoma cell line MUC-MEL1, confirming Melan-A as the recognized Ag and HLA-A2 as the restriction element. Peptide specificity of CTL clone InRi1 was validated by the lysis of T2 cells pulsed with the relevant Melan-A peptide, but not with the irrelevant HIV peptide (Fig. 1E) . In addition, HLA-A2 ϩ DCs were susceptible to CTL-mediated lysis after being loaded with synthetic Melan-A peptide (Fig. 1F) . CTL clone InRi1 could be expanded 200-to 250-fold during a culture period of 2 wk. Ag specificity and lytic activity of the CTL clone InRi1 were retained after seven rounds of expansion (data not shown).
We next addressed the question as to whether Melan-A-specific CTL clone InRi1 was able to lyse DCs pulsed with hsp that had been isolated from Melan-A ϩ melanoma cells. Immature DCs were pulsed with melanoma-derived gp96 (Mel-gp96) or hsp70 (Mel-hsp70), differentiated into mature DCs, and used as target cells for CTL-mediated lysis. Melan-A-specific CTL InRi1 did not lyse DCs following incubation with melanoma-derived gp96 or hsp70 (Fig. 1, G and H) . Data are shown for DCs pulsed with 10 g/ml gp96 or hsp70. Similar data were obtained for lower concentrations of hsp70 respective gp96 (0.01, 0.1, and 1 g/ml) and for higher concentration of gp96 (30 g/ml).
As a second approach, Tyr 369 -377 -specific CTLs were generated from the HLA-A2 ϩ healthy donor BS by repetitive stimulation with autologous DCs pulsed with the Tyr 369 -377 peptide (Fig. 2) . (f); autologous DCs not loaded with a peptide (OE) were used as an additional negative control. G, CTL clone InRi1 did not lyse DCs loaded with 10 g/ml of gp96 derived from Melan-A ϩ melanoma cell line SK-MEL29 (Mel-gp96) (F); DCs pulsed with 10 g/ml of gp96 isolated from Melan-A Ϫ LCL (control-gp96) (f) were used as negative control. H, DCs were not lysed by CTLs InRi1 when loaded with 10 g/ml hsp70 derived from Melan-A ϩ melanoma cell line Mel624.38 (Mel-hsp70) (F); DCs loaded with hsp70 (10 g/ml) isolated from Melan-A Ϫ K562 (f) were used as negative control (control-hsp70).
The baseline frequency of CD8 ϩ A2/Tyr multimer ϩ T cells was less than 0.01% of all PBMCs (Fig. 2A) . Three stimulations with peptide-pulsed DCs increased the frequency of A2/Tyr ϩ T cells to 0.4% of all PBMCs. HLA-A2/Tyr ϩ T cells were sorted and seeded out onto 350 wells. Thirty T cell clones proliferated and were tested for Tyr-specific lytic activity. Seven of 30 screened CTL clones specifically lysed T2 cells pulsed with peptide Tyr 369 -377 . The expanded CTL clones, such as CTL clone BST5, were specific for Tyr 369 -377 , as demonstrated by fluorochrome-labeled A2/Tyr multimers (Fig. 2C) and by lysis of peptide-pulsed T2 cells (Fig.  2E) . The lysis of the HLA-A2
ϩ Tyr ϩ melanoma cell line SK-MEL29 demonstrates that CTL clone BST5 recognizes endogenously processed peptides (Fig. 2D) . HLA-A2-restricted, Tyrspecific CTL clone BST5 did not lyse HLA-A2
ϩ Tyr Ϫ melanoma cell line NW-MEL38 and HLA-A2
Ϫ Tyr ϩ melanoma cell line MUC-MEL1. CTL clone BST5 lysed DCs loaded with synthetic peptides (Fig. 2F) , but did not lyse DCs pulsed with peptides potentially bound to melanoma-derived gp96 or hsp70 (Fig. 2, G and  H) . BST5 clone was expanded eight times, resulting in a 2000-fold expansion in total without loss of Ag specificity or functionality (data not shown).
The experiments using gp96-loaded DCs as target cells were also conducted with melanoma-reactive CTL clones IVS-B and W1/1 kindly provided by T. Wölfel (Medizinische Klinik Johannes, Gutenberg-Universitöt, Maine, Germany), The Melan-Aand Tyr-specific CTL clones were originally established by repetitive stimulation with autologous melanoma cells (42, 43) . CTL clone IVS-B (recognizing Tyr) and CTL clone W1/1 (directed against Melan-A) were both unable to lyse DCs pulsed with Melgp96 (data not shown).
IFN-␥-producing melanoma-reactive T cells do not secrete IFN-␥ upon stimulation with HLA-A2
ϩ DCs pulsed with melanomaderived hsp It has been shown previously that Ag-specific T cells that fail to lyse the Ag-expressing target cells are still able to specifically produce cytokines upon stimulation with the same target cells (44) . Based on these findings, we next addressed the question as to whether the melanoma-specific CTL clones, which did not lyse Mel-hsp-pulsed DCs, were able to produce IFN-␥ upon stimulation with DCs pulsed with Mel-hsp (Fig. 3) . Immature DCs were pulsed with hsp70 or gp96, further matured into CD83
ϩ DCs in the presence of cytokines, and then used as stimulator cells for Melan-A-or Tyr-specific CTL clones. Coculture of Melan-A-specific CTL clone InRi1 with HLA-A2
ϩ DCs pulsed with Mel-gp96 or Mel-hsp70 did not result in a detectable IFN-␥ release (Fig. 3A) . Data are shown for DCs loaded with 10 g/ml gp96 or hsp70. Similar data were obtained for lower concentrations of hsp70 or gp96 (0.01, 0.1, and 1 g/ml) and for 30 g/ml of gp96. As controls, IFN-␥ release by CTL clone InRi1 was measured following coculture with Melan-A 27-35 -loaded HLA-A2 ϩ DCs or T2 cells (positive control) or HIV 476 -484 -loaded HLA-A2 ϩ DCs or T2 cells (negative control). CTLs alone, CTLs cultured in the presence of nonpulsed DCs, or DCs loaded with hsp isolated from Melan-A Ϫ cells did not secrete any detectable IFN-␥. The same experiments were performed using Tyr-specific T clone BST5 as effector cells (Fig. 3B) . HLA-A2
ϩ DCs loaded with various concentrations of Mel-gp96 or Mel-hsp70 also failed to sensitize Tyrspecific CTL clone BST5 to IFN-␥ production.
To exclude the possibility that the affinity of the human CTL clones to hsp-bound peptides is too low, the murine high affinity Tyr 369 -377 -specific CTL line R1A was used as effector cell line. The HLA-A2-restricted CTL line R1A was generated from an HLA-A*0201/K b -Tg mouse following immunization with modified vaccinia virus Ankara recombinant for human tryrosinase, as previously described (45) . Murine CTL line R1A released IFN-␥ upon stimulation with human HLA-A2 ϩ Tyr ϩ melanoma cells and human HLA-A2
ϩ DCs when loaded with peptide Tyr 369 -377 (Fig.  3C) . However, Tyr-specific CTL R1A did not secrete IFN-␥ following stimulation with HLA-A2
ϩ DCs loaded with Mel-hsp70.
Frequency of melanoma-reactive HLA/peptide multimer ϩ T cells does not increase after stimulation with autologous DCs loaded with melanoma-derived hsp
The failure of hsp-loaded DCs to stimulate established peptidespecific CTL clones and lines does not exclude their ability to stimulate a primary Ag-specific T cell response. Therefore, we were led to the question as to whether the stimulation of PBLs by autologous DCs loaded with melanoma-derived hsp leads to an increase in the number of Melan-A-specific T cells. In the peripheral blood of an HLA-A2 ϩ healthy donor, 0.08% of all circulating PBMCs was specifically stained with A2/Melan-A multimers (Fig.  4A) . The frequency of Melan-A-specific T cells increased to 4.25% of all PBMCs following four stimulations with autologous DCs pulsed with synthetic peptide Melan-A 26 -35 A27L (Fig. 4B) . In contrast, four stimulations of PBMCs with DCs loaded with melanoma-derived gp96 or hsp70 did not enhance the number of Melan-A-specific T cells (Fig. 4, C and D) . Similar data were obtained for Tyr 369 -377 -specific T cells (data not shown).
Discussion
In this study, we investigated the ability of melanoma-derived hsp70 and gp96 to specifically stimulate human CD8 ϩ T cells directed against the melanoma-associated Ags Melan-A and Tyr. HLA-A2-restricted melanoma-reactive CTL clones were generated by enriching peptide-specific T cells with HLA-A2/peptide multimer-guided sorting following the in vitro stimulation of PBLs with peptide-loaded autologous DCs. Peptide specificity of CTLs recognizing Tyr 369 -377 or Melan-A 27-35 peptide was documented by HLA-A2/peptide multimer staining and by the lysis of peptidepulsed HLA-A2 ϩ target cells. We took advantage of the peptidespecific lytic activity of these established T cell clones to investigate whether HLA-A2-matched DCs present the relevant peptide after endocytosis of melanoma-derived hsp70 or gp96. Neither Tyr-nor Melan-A-specific CTLs were able to lyse DCs incubated with hsp70 or gp96, both isolated from HLA-A2 ϩ Tyr ϩ Melan-A ϩ melanoma cells. To verify that the established CTL clones were able to recognize endogenously processed peptides, melanoma cells were used as target cells in cytotoxicity assays. The peptidestimulated Tyr-respective Melan-A-specific CTL clones efficiently lysed HLA-A2 ϩ Tyr ϩ Melan-A ϩ melanoma cells, but not HLA-
Moreover, we used established HLA-A2-restricted Tyr-and Melan-A-specific CTL clones as effector cells, which were generated by stimulating with autologous melanoma cells (42, 43, 46) . Again, these CTL clones lysed the HLA-A2
ϩ Ag-expressing melanoma cells, but not HLA-A2
ϩ DCs pulsed with melanoma-derived gp96 (data not shown).
Because cytokine secretion has successfully been used as a measurement for hsp-mediated Ag-specific CTL stimulation in vitro (30, 47, 48) , we next addressed the question as to whether DCs incubated with melanoma-derived hsp were able to sensitize the melanoma-reactive T cell clones to IFN-␥ production. We failed to demonstrate that human Tyr-specific CTLs released IFN-␥ upon stimulation with DCs presenting melanoma-derived hsp70 or gp96. The ability of CTLs to release IFN-␥ upon Ag stimulation was confirmed following coculture with Tyr peptide-pulsed DCs or Tyr ϩ melanoma cells. Similar results were obtained using the Melan-A-specific CTLs. Melanoma-specific CTLs were cocultured with stimulator cells as indicated (A-C). IFN-␥ release was determined as a parameter for Ag-specific CTL activation. Peptide specificity and HLA-A2 restriction were confirmed by detecting IFN-␥ secreted by CTLs upon stimulation with HLA-A2 ϩ APCs loaded with the relevant peptide compared with APCs pulsed with the irrelevant HIV peptide HIV 476 -484 . As negative controls, CTLderived IFN-␥ was measured in the presence of DCs alone or in the absence of DCs. HLA-A2
ϩ DCs loaded with melanoma-derived hsp or control hsp were used as stimulator cells for melanoma-specific CTLs. Melgp96 was purified from SK-MEL29, Mel-hsp70 from Mel624.38, controlgp96 from SK-LCL29, and control hsp70 from K562. A, Melan-A 27-35 -specific CTL clone InRi1 did not release IFN-␥ upon stimulation with DCs pulsed with gp96 or hsp70 isolated from Melan-A ϩ melanoma cells. B, Tyr 369 -377 -specific CTL clone BST5 did not secrete IFN-␥ following coculture with DCs pulsed with gp96 or hsp70 derived from Tyr ϩ melanoma cells. C, The HLA-A2-restricted, Tyr 369 -377 -specific murine CTL R1A, which had been generated from an HLA-A*0201/K b -Tg mouse, recognized the human Tyr ϩ melanoma cell line SK-MEL29 and human HLA-A2 ϩ DCs when loaded with peptide Tyr 369 -377 , but not when loaded with melanoma-derived Mel-gp96 or Mel-hsp70. 
CD8
ϩ T cells gated on PI-negative PBMCs.
Melan-A and Tyr are self Ags attributable to induction of central tolerance and, therefore, the TCR avidity displayed by Melan-Aand Tyr-specific human T cells might be too low to be stimulated by Melan-A/Tyr peptides complexed to hsp. However, HLA-A2-restricted murine CTLs with a high affinity receptor against human Tyr 369 -377 (45) were also not able to secrete IFN-␥ upon stimulation with HLA-A2 ϩ DCs presenting hsp70 derived from Tyr ϩ melanoma.
One explanation for the lack of melanoma-derived hsp to stimulate Melan-A-and Tyr-specific CTLs might be that the amount of hsp-bound Melan-A-and Tyr-derived peptides is too low for demonstrating cross-presentation in our model. Sufficient cross-presentation may only occur with highly abundant endogenous peptide Ags. It has been previously shown in a mouse model that peptides stripped from gp96, which had been isolated from cells infected with vesicular stomatitis virus (VSV), were able to stimulate VSVspecific CD8 ϩ T cells in vitro when loaded onto APCs (49) . Given the fact that VSV shuts down the synthesis of the host cells' protein to enhance the production of virus particles, hsp from VSVinfected cells might predominantly chaperone VSV-derived peptides, subsequently leading to improved CTL recognition. Similarly, when using OVA-transfected cells as source for hsp, the high amount of cellular OVA might contribute to OVA-specific CTL recognition of peptides stripped from hsp70 and gp96 that had been isolated from the OVA transfectants (41) . The density of peptides naturally bound to hsp might usually be too low for effective Ag-specific CTL stimulation. For this reason, different strategies have been developed to reconstitute hsp peptide complexes in vitro (26, 50 -54) . The reconstitution of hsp with immunogenic peptides might also improve the ability of hsp to induce an Ag-specific T cell response in vivo. In our hands, HLA-A2-restricted Melan-A 27-35 -specific CTL clone 2/9 (42) was specifically stimulated by gp96 isolated from a Melan-A-negative human B cell line that had been complexed with peptide Melan-A [27] [28] [29] [30] [31] [32] [33] [34] [35] (54) .
Our observations that melanoma-derived hsp do not stimulate Tyr-and Melan-A-specific CTLs clearly differ from previous reports that human HLA-A2-restricted CTL clones specific for peptide Melan-A [27] [28] [29] [30] [31] [32] [33] [34] [35] (48) or Tyr 369 -377 (30) can be activated by hsp70-pulsed HLA-A2 ϩ APCs. In these experiments, either peripheral blood monocytes (48) or immature monocyte-derived DCs with and without TNF-␣-induced maturation (30) were used as APCs. In contrast, we used immature monocyte-derived DCs as APCs that were incubated with hsp and then matured in the presence of TNF-␣, IL-1␤, IL-6, and PGE 2 . At the time of hsp loading, immature DCs expressed CD91 (data not shown) known to be a receptor for efficient uptake of gp96 (16) . We have documented the endocytotic activity of this DC population by showing the successful uptake of FITC-dextran (55) . In addition, our previous observation that the type of DCs used in our system can present recombinant antigenic protein to HLA class II-restricted Ag-specific T cell clones indicates that these DCs have an intact Agprocessing capacity (37) . In contrast to the CTLs investigated by Noessner et al. (30) , respective Castelli et al. (48) , we have investigated the response of CTL clones that had been raised in a different way. Different CTL clones in the presence of different APC populations might display divergent response patterns to hsp in vitro.
Data from several groups demonstrate the induction of an Agspecific and nonspecific T cell stimulation by hsp using different experimental systems (22, 30, 48, 56, 57) . These controversial findings with regard to hsp-mediated T cell stimulation might in part be explained by the amount of proteins or peptides copurified with hsp used in the various models. Most recently, Nicchitta and colleagues have shown that enzymatic and immunogenic activities reported for gp96 (14, 58) are caused by copurified proteins, socalled bystander proteins, rather than gp96 itself (59) . Trace amounts of other components present in hsp preparations might function as adjuvant and, therefore, might help to trigger an Agspecific T cell response above a critical threshold. The inability of melanoma-derived hsp to stimulate Ag-specific T cells in our model might be due to the removal of bystander proteins during hsp purification. In addition, we cannot formally rule out the possibility that certain CTL-recognized peptides also might be removed during hsp isolation. Of note, in our hands, gp96 purified from several different cell types was not able to stimulate monocytes nor DCs to secrete cytokines, and hsp70 induced a very weak stimulation compared with hsp60 and inducible hsp72 (27) . This implicates that the ability of purified hsp to activate APCs may also be dependent on the amount of copurified proteins or polypeptides. Based on these findings, it remains unclear whether the observed hsp-mediated Ag-dependent or -independent T cell stimulation might in part be due to proteins copurified with hsp rather than intrinsic activity of hsp. As an alternative to biochemically enriched gp96 fractions, a secretory form of gp96 released by transfected cells could be useful for future experiments, thereby circumventing the problem of protein contamination (60, 61) .
The ability of hsp to induce a primary Ag-specific T cell response has been documented in a number of mouse models using a variety of Ags, such as viral or tumor Ags (for review, see Refs. 17 and 24) . To date, all in vitro studies have focused on the hspmediated stimulation of Ag-specific CTLs, which have already been established by peptide or tumor stimulation (30, 48) . In this study, we established a cellular in vitro system to address the question of whether hsp-loaded DCs are able to stimulate a primary Ag-specific T cell response. Autologous DCs pulsed with melanoma hsp70 and gp96 did not induce a primary T cell proliferation against the immunodominant peptide Melan-A [27] [28] [29] [30] [31] [32] [33] [34] [35] , even though the baseline frequency of naive Melan-A-specific T cells in the peripheral blood of healthy donors is high due to degenerated Ag recognition (62) . Similarly, the Tyr-specific T cell frequency specific for the HLA-A2-binding peptide epitope Tyr 369 -377 did not increase when PBLs were stimulated with autologous DCs loaded with hsp isolated from Tyr ϩ melanoma. Because our experiments focused only on two HLA-A2-restricted Tyr/Melan-A peptide epitopes, we cannot rule out the possibility that other Tyr/Melan-A-derived peptides or other antigenic peptides derived from other melanoma-associated Ags might be able to be efficiently presented by DCs loaded with melanoma hsp.
T cell priming is a complex mechanism, which cannot fully be mimicked in vitro. Therefore, the lack of specific T cell stimulation against certain Tyr/Melan-A peptide epitopes by DCs loaded with melanoma-derived hsp in vitro does not preclude the concept of hsp as an autologous tumor vaccine in vivo. The strength of hsp peptide complexes might be the immunogenicity in vivo, because a cascade of immunological reactions might be required to overcome a certain threshold for inducing a peptide-specific immune response to hsp-bound peptides. For example, hsp-induced peptide-mediated tumor immunity seems to be dependent on the presence of NK cells, which are also recruited after hsp immunization (11) . Most recently, Strbo et al. (63) have shown that cross-presentation of Ags by hsp requires a perforin-dependent positive feedback loop between NK and DCs for clonal CTL expansion. The absence of NK cells in our model might be responsible for the failure of the CTL clones to respond to hsp-loaded DCs in vitro. This possibility is the subject of active studies in our laboratory. In an hsp vaccine, the innate immune response possibly contributes greatly to the hsp-mediated tumor rejection in vivo. Evidence for peptide Ag-independent tumor elimination induced by hsp vaccine has been obtained by several groups demonstrating that hsp-elicited tumor rejection can also occur independent of bound peptides (60, 64) .
The first clinical trials have been initiated to test the immunogenicity, toxicity, and efficacy of tumor-derived hsp in cancer patients (65) (66) (67) . Vaccination of melanoma patients with melanomaderived gp96 resulted in some clinical responses that were associated with T cell responses against melanoma-associated Ags (67) . These human in vivo data are consistent with in vivo mouse data showing that the therapy of mice with progressively growing cancers with gp96 leads to tumor regression and stabilization of disease in mice (11) . Further studies are warranted to dissect the hsp-mediated activation of innate and adaptive immunity with regard to intrinsic activities of hsp, chaperoned peptides, and bystander proteins.
